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TECTONIC AND METAMORPHIC EVOLUTION OF THE BERNARDSTON NAPPE AND THE
BRENNAN HILL THRUST IN THE BERNARDSTON-CHESTERFIELD REGION OF THE
BRONSON HILL ANTICLINORIUM
David C. Elbert*
Department of Geology and Geography
University of Massachusetts
Amherst, MA 01003

INTRODUCTION
In the central New England Appalachians crystalline bedrock is exposed in three broad structural
features. These belts, from west to east, are: the Connecticut Valley-Gaspe Synclinorium, the Bronson Hill
anticlinorium, and the Merrimack Synclinorium (Hall and Robinson, 1982; Robinson and Hall, 1980; Zen
and others, 1983). Central to this field trip is the Bronson Hill anticlinorium, a region characterized by a
northward-trending series of mantled gneiss domes (Thompson and others, 1968) in which pre-Silurian
rocks are exposed.
In the Bronson Hill anticlinorium, the oldest rocks are late Precambrian metamorphosed rhyolites and
interbedded sedimentary rocks exposed in the core of the Pelham dome (Robinson, 1963; Zen et al., 1983).
Late Precambrian(?) to Middle Ordovician(?) rocks occur in the outer part of the Pelham dome and in the
cores of the other gneiss domes within the Bronson Hill anticlinorium. Unconformably(?) overlying the
gneisses in the domes are the Middle Ordovician(?) Ammonoosuc Volcanics and the Partridge Formation.
These two lithostratigraphic units are the remains of a volcanic arc complex. The Ammonoosuc contains
metamorphosed tholeiitic basalts and andesites, dacites, and rhyolites, interpreted to have been produced
from melting of a mantle or basaltic source (Aleinikoff, 1977; Schumacher, 1981,1983, 1988; Leo, 1985).
The Partridge Formation is comprised of graphitic, sulfidic schists interbedded with metamorphosed mafic
and felsic volcanics geochemically similar to arc volcanics (Hollocher, 1985).
Along the Bronson Hill anticlinorium these rocks are unconformably overlain by a sequence of
fossiliferous Silurian-Devonian units that were described by Billings (1937) in the Littleton, N.H. area.
The sequence contains three distinctive units. Stratigraphically lowest of these is the Silurian Clough
Quartzite. The Clough is largely a metamorphosed conglomerate with deformed vein-quartz pebbles in a
quartzite matrix and is discontinuously overlain by the marbles and calc-silicate granulites of the SilurianDevonian Fitch Formation. The Lower Devonian Littleton Formation contains interbedded quartzites and
gray weathering, pelitic schists. The Littleton is the youngest unit in the field-trip area to have been
deformed and metamorphosed during the Acadian orogeny.
The relatively thin Silurian sequence found in the Connecticut Valley belt is interpreted to be the
proximal equivalent of the much thicker sequence of stratified rocks found just to the east in the Merrimack
Synclinorium (Hall and Robinson, 1982) which has been correlated with units in western Maine (Hatch and
others, 1983; Thompson, 1985, this vo lu m e). This eastern stratigraphic sequence is made up of the
Rangeley, Perry Mountain, Francestown, and Warner formations. The distinctive succession of varied rock
types within the eastern sequence facilitates correlation between field areas and is the key to recent structural
interpretations.
Paleozoic rocks in the region are unconformably overlain by a sequence of Triassic-Jurassic sedimentary
and volcanic rocks (Zen and others, 1983) deposited in the basins associated with the rifting of North
America from the Pangaea supercontinent. The sedimentary rocks comprise the Newark Supergroup and
include fanglomerates deposited in alluvial fans against the scaips of normal faults on the sides of the
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Monadnock Sequence Silurian Rocks
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Clough Quartzite

Massachusetts

Bernardston Fossil
_ Locality
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Figure 1. Geologic map of the Bernardston-Chesterfield area compiled from Trask (1964), Elbert (1984,
1986, 1987), and Hepbum and others (1984). Tectonic levels of Brennan Hill and Chesham Pond
thrust sheets shaded in gray; rocks in Ashuelot pluton, Mesozoic basins, and east of Connecticut
Valley border fault not patterned. Staurolite- and sillimanite-in isograds shown by solid lines with
abbreviation for index mineral on high-grade side. Mesozoic faults are shown by hatchured lines;
hatchures on downthrown side.

%

71

r

basins, fluvial deposits, and lake and swamp deposits. Basaltic flows and sills are present in the basins,
while associated dikes intruded the nearby crystalline rocks. Igneous activity continued in the Cretaceous
with the formation of the alkalic ring dikes and lavas of the White Mountain Magma Series, as well as
more widespread, mafic dikes.
The Bernardston-Chesterfield area is along the western edge of the Bronson Hill anticlinorium, at the
northern limit of the Mesozoic Deerfield basin on the down-thrown, western block of the Connecticut Valley
border fault (Figure 1 of Robinson, trip C-4, this volume). The area lies on the southern, eastern, and
northern borders of the Vernon dome, one of the series of en-echelon Acadian (Devonian) gneiss domes of the
Bronson Hill anticlinorium (Thompson and others, 1968).
Acadian deformations in central Massachusetts and adjacent New Hampshire have been summarized by
Thompson and others (1968), Robinson (1979), Robinson and Hall (1979), and Hall and Robinson (1982).
These are broadly divided into an early nappe stage, an intermediate backfold stage, and a late gneiss dome
stage. The nappe stage involved the formation of west-directed fold nappes. These nappes were folded back
towards the east during the backfold stage and then folded again during the rise of the gneiss domes in the
Bronson Hill belt. The recent correlation and mapping of the distinctive, eastern Silurian-Devonian
sequence and its relation to the thinner, western sequence, has led to the recognition of regional-scale thrust
faults that cut the fold nappes of the Bronson Hill anticlinorium and are then folded by the regional backfold
and dome-stage phases of Acadian deformation (Thompson, 1985; Elbert, 1986; Robinson, 1987;
Thompson and others, 1987).
In the Bernardston-Chesterfield area (figure 1) one such thrust fault has juxtaposed a section of the
eastern, Monadnock-westem Maine sequence against the Partridge Formation in the core of the Bernardston
nappe (Elbert, 1986; Thompson and others, 1987). This thrust fault is correlated with the Brennan Hill
thrust, proposed on somewhat less compelling evidence grounds in the Monadnock quadrangle by Peter
Thompson (1985 and this volume).

T R IP O B JE C T IV E S
This trip is designed to present the stratigraphic and structural evidence for the Brennan Hill thrust
while highlighting several important aspects of the early tectonic development of the Bronson Hill
anticlinorium. The route traverses from rocks deposited west of the “tectonic hinge” (Hatch and others,
1983), in the Bernardston nappe, to rocks that were deposited east of the “tectonic hinge”, at Biscuit Hill,
Hinsdale, N. H. Detailed stratigraphic mapping is the most powerful tool available to help understand the
early structural geometry and tectonic history of an orogen and the itinerary is built to highlight the
stratigraphic relationships in the area.
Geology of the B e rn a rd sto n N orthfield A rea (figure 2): A geologic map of the southern part of
the field-trip area is presented in figure 2. The rocks of the Bernardston area have been previously
interpreted as lying in a homoclinal sequence on the inverted limb of a regional fold nappe (Trask, ms;
Trask and Thompson, 1967; Thompson and others, 1968; Zen and others, 1983). Thompson and others
(1968) interpreted the nappe at Bernardston as a continuation of the Skitchewaug nappe to the north.
Subsequently, Thompson and Rosenfeld (1979) suggested that rocks previously considered part of the
Skitchewaug nappe were, instead, parts of two separate nappes; an upper nappe named for Skitchewaug
Mountain, Vermont, and a lower nappe, the Bernardston nappe, continuous with the section near
Bernardston, Massachusetts.
My recent work in the Bernardston-Northfield area (Elbert, 1984) has produced stratigraphic and
structural evidence supporting substantially new interpretations and regional correlations. The map in
figure 2 shows that much of the eastern part of the area is underlain by Ordovician strata which area exposed
in the core of the West Northfield isoclinal anticline. Rocks now assigned to the Ammonoosuc were
previously mapped as volcanics in the Partridge Formation (Trask, ms; Trask and Thompson, 1967;
Thompson and others, 1968; Zen and others, 1983). These rocks were reassigned based on stratigraphic
correlation of three mapped members within the Ammonoosuc in Bernardston with other Ammonoosuc
sections around the southern part of the Keene dome (fig. 1 of Robinson, trip C-4, this volume) and the
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Figure 2. Geologic map of the Bernardston-Northfield area showing locations of field-trip stops 1-4.
Distribution of the Gile Mountain Formation and Putney Volcanics from Zen and others (1983) and
Hudec (ms). Unpattemed rocks east of the Connecticut Valley Border fault are chiefly Littleton and
Erving Formations (Devonian?) (see Zen and others, 1983).
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main body of Monson Gneiss (Robinson, 1967; Robinson, Thompson, and Rosenfeld, 1979) and west of
the Warwick dome (Schumacher 1981, 1983, 1988).
An inverted section of Silurian Clough Quartzite extends from the Bernardston fossil locality
northeastward along the inverted limb of the Bernardston nappe (figs. 2 and 3). I have subdivided the
Clough Quartzite in the area into three members. The lower member consists of gray schist which contains
a basal polymictic conglomerate. The middle member is made up of metamorphosed orthoquartzite and
quartz-pebble conglomerate. The upper member contains feldspathic granulite which probably represents
metamorphosed felsic volcanics (Elbert, 1984). Marble and calc-silicate gneiss of the Fitch Formation
occur at two locations along the inverted limb (fig. 2).
Figure 2 also shows Silurian strata in a narrow isoclinal syncline I have mapped between the inverted
section, along strike from the fossil locality, and the axial trace of the West Northfield anticline
(Elbert,1984). I have interpreted this area of Silurian rocks as being on the upper limb of the Bernardston
nappe. Reconstruction across the Connecticut Valley border fault to the east indicates that this narrow
isoclinal syncline lies on the same axial surface as the Prescott syncline of the Quabbin Reservoir area.
This is illustrated in a cross section through the Bemardston-Northfield area and continued eastward across
the Connecticut Valley border fault through the Mt. Grace quadrangle (see figure 3 of Robinson and others,
this guidebook. In this cross section I have constructed the border fault as a circular arc to allow resetting
of the Mesozoic movement and highlight the structural correlations across that fault. An alternate
interpretation is that this small syncline is made up of Rangeley Formation rocks in a klippe of the
Brennan Hill thrust sheet.
The Mount Hermon Hornblende Gabbro is exposed in the Mt. Hermon pluton in the southern part of
the map area (fig. 2). I have mapped this metamorphosed gabbro and numerous related dikes and sills both
in the Bemardston-Northfield area and in the Hinsdale-Chesterfield area immediately to the north (Elbert,
1984,1986). These rocks have intruded strata as young as Late Silurian and were deformed and
metamorphosed during the Acadian orogeny. After several seasons of mapping these metamorphosed
gabbros I have not found them intruded into the Littleton Formation and suggested in my 1986 NEGS A
talk that they are metamorphosed Silurian intrusives.

Bernardston Fossil Locality. The importance of this locality is based in the importance of fossil
control in all metamorphic terrains. Indeed it has been argued that stratigraphy is the basis of all
metamorphic geology (Billings, 1950) and with only a handful of well documented fossil localities in New
England, each one provides important stratigraphic constraints for structural and tectonic interpretation.
Fossil remains were first discovered in the marble beds at the Williams’ Farm in Bernardston by Edward
Hitchcock in 1833 (Hitchcock, 1833, page 295). For historical perspective, Lyell’s Principles o f Geology
was published in the early 1830’s, while in Devon, T.H. De La Beche, Roderick Murchison, and Adam
Sedgwick were formulating ideas which would lead to the establishment of the Devonian System by
Sedgwick and Murchison in 1839. Since Hitchcock’s discovery the Bernardston fossil locality has been the
subject of more than a dozen published contributions and has been visited and studied by some of North
America’s most prominent geologists. Most recently, Elbert and others (1988) have described an
assemblage of Lochkovian (Early Devonian) conodonts from the marbles of the Fitch Formation at this
locality.
Hitchcock’s (1833) discovery was probably the first report of pre-Carboniferous fossils in New
England. Hitchcock later noted (1851) that James Hall had correlated the Bernardston marbles with the
Onondaga Limestone (Devonian) of New York based on crinoid fragments. In subsequent publications
(Hitchcock and others, 1861) these marbles were referred to as “Upper Helderberg?” (equivalent to
“Onondaga” of modem usage). Dana visited the locality several times and concurred with the Devonian age
assignment (Dana, 1873, 1877). He also reported the first discovery, by B.K. Emerson in 1877, of fossils
in the quartzites immediately above the marbles.
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Figure 3. Geologic map (from Elbert and others, 1988) of fossil locality area in the vicinity of Bernardston,
Mass. (outcrops shown in black). Trs, Upper Triassic Sugarloaf Formation; Dl, Devonian Littleton
Formation; DSf, Lower Devonian and Silurian(?) Fitch Formation; Scq, middle quartzite member o
Silurian Clough Quartzite; Scg, lower gray schist member of Clough Quartzite. Contour interval 10
feet; base from U.S. Geological Survey, Bernardston, Mass.-Vt., 7.5-minute quadrangle, 1977.
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A more complete study of Dana and Emerson's collections was made by Whitfield (1883), who
assigned the marbles to the “Middle Silurian” based on corals. He also reported a brachiopod fauna in the
quartzite which he considered “Middle Devonian”. Clarke (in Emerson, 1898) studied the brachiopods and
crinoids in the quartzite and assigned them a Late Devonian age. Schuchert and Longwell (1932) suggested
the rocks contained a Late Devonian fauna but did not publish descriptions of the rocks or fossils. Balk
(1941) and Cooper and others (1942) confirmed the Devonian age of the strata based on brachiopods
reportedly recovered by Balk from the magnetite bed in the marble near its contact with the quartzite.
Boucot and others (1958) restudied the specimens of Whitfield, Clarke, and Balk. They demonstrated that
the fossils reported by Balk from the magnetite bed were not from Bernardston but probably from Lower
Devonian rocks in Nova Scotia. In addition to reexamining the collections of Clarke and Whitfield, Boucot
and others (1958) collected new samples of marble from outcrops and calcareous quartzite from the spoil
piles of the small, open-pit iron mines at this locality (A.J. Boucot, oral commun., 1983). The marble
produced favositids and crinoids, only indicating a post-Early Ordovician age. The calcareous quartzite
yielded the brachiopod Eospirifer cf. E. radiatus (Sowerby) indicating a late Llandoverian to early Ludlovian
age. Although the fossiliferous calcareous quartzite bed is no longer exposed, earlier studies clearly
established that it was immediately above (stratigraphically below) the marble. Trask’s (ms) mapping
firmly established the correlation of the quartzite with the Clough Quartzite and the marble with the Fitch
Formation even though the marble was included as part of the Clough Quartzite in a subsequent field trip
guidebook (Trask and Thompson, 1967).
The recent discovery of what seem to be the world’s largest, as well as highest grade (color alteration
index = 8), regionally metamorphosed conodonts comprises the most recent installment in the history of
this important locale (Elbert and others, 1988). Although conodonts are rare in regionally metamorphosed
rocks of lower amphibolite facies, over 1000 recognizable conodonts were recovered from 129 kg of
dominantly quartzose marble from pits (figure 4) at this locale. They are all relatively poorly preserved,
having reached at least 500 °C. They are generally recrystallized, virtually all incomplete, but few
specimens are significantly deformed. The fragmentation of conodont elements in these samples was
primarily an effect of deposition in a high-energy environment and not a result of tectonism. The
conodonts are indicative of the earliest Devonian woschmidti to eurekaensis Zones.
The recognition of conodonts at this locality has several implications for the stratigraphy of the
Bronson Hill anticlinorium. The conodonts are Lochkovian (earliest Devonian); younger than those
reported by Harris and others (1983) from near Littleton, New Hampshire, and extend the regional age range
of the Fitch Formation. Figure 5 summarizes the paleontological control on Silurian-Devonian
stratigraphy in the Bronson Hill anticlinorium. Boucot and others (1958) have established a Llandoverian
to Wenlockian age for the calcareous quartzite which outcropped physically above the marbles Elbert and
others (1988) have shown to be Lower Devonian. This is the first paleontological control in adjacent beds
to independently support the ~25-year-old structural interpretation of overturned stratigraphy and the
presence of regional-scale fold nappes in the Bronson Hill anticlinorium.
Geology of the H insdale C hesterfield A rea (figures 6, 7, and 8): A geologic map of the northern
portion of the field-trip area is shown in figure 6. Detailed mapping in the Biscuit Hill area (figure 7 and
Stop 6 of this trip) in Hinsdale, NH, delineated a Silurian stratigraphic sequence, all upside down and
immediately beneath the Ashuelot pluton (Elbert, 1986). The section is extremely thin; estimated
thicknesses of the individual stratigraphic units range from a few inches to ten meters. The characteristic
succession of distinctive rock types, coupled with primary facing information from relict graded bedding,
has led to the correlation of this stratigraphy with that of the Monadnock area (Elbert, 1986).
This S ilurian stratigraphic sequence, most completely exposed at Biscuit Hill, includes the following:
Interbedded gray-weathering and rusty-weathering schist with schist-matrix and quartzite-matrix
conglomerates and rare calc-silicate pods of the Rangeley Formation. The stratigraphic top of the Rangeley
Formation contains a few thin quartzite beds and grades into the cyclically interbedded quartzites and gray
schists of the Perry Mountain Formation. Graded beds in both the Rangeley and Perry Mountain confirm
the topping direction. The top of the Perry Mountain contains biotite-rich, massive gray schist with beds
and boudins up to 8 meters thick of fine-grained coticule (garnet granulite), coticule conglomerate, and
magnetite-grunerite-gamet-apatite-quartz-graphite iron formation. Stratigraphically higher rocks at Biscuit
Hill are well bedded, rusty-weathering, sulfidic graphitic calc-silicate granulites and interbedded sulfidic
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Figure 4. Map (from Elbert and others, 1988) showing conodont-sample localities and stratigraphic units exposed (outcrops patterned) in pits (outlined
about 1.5 km NNW of Bernardston, Mass. (see figs. 1-3 for regional and local geologic setting). Sample location 893 lies in pit a few meters
southwest of right-angle bend in logging road. Other marble-bearing pits are north of road, mostly under the large hemlocks. Structure symbols
apply to closest outcrops.
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FOSSIL-BASED AGE RANGES,
BRONSON HILL ANTICLINORIUM
Littleton Formation, Littleton
and Whitefield quadrangles, N.H

Emsian

Littleton Formation,
Beaver Brook,
N .H 2

Lochkovian

Fitch Formation,
Bernardston, Mass.3

eurekaensis

remscheidensis

Fitch Formation
Littleton, N.H.4

Ludlovian

Clough Quartzite,
Croydon Mountain, N.H

Llandoverian

Figure 5. Fossil-based age ranges of stratigraphic units in the Bronson Hill anticlinorium.
1. Amphigenia, Eodevoniaria, and Euryspirifer (brachiopods) from Pageau Farm, Mormon Hill, and
Dalton Mountain localities, New Hampshire (Boucot and Arndt, 1960); 2. Leptocoelia (brachiopods)
from Beaver Brook locality, New Hampshire (Boucot and Rumble, 1980); 3. woschimidti Zone
conodonts from the Fitch Formation at Bernardston (Elbert and others, 1988); 4. lower remscheidensis
Zone conodonts from the lower and middle parts of the Fitch Formation in the Littleton and Lower
Waterford 7.5-minute quadrangles (Harris and others, 1983); 5. faunas from Clough Quartzite at
Bernardston, Mass., Croydon Mountain, New Hampshire, and Skitchewaug Mountain, Vermont
(Boucot and Thompson, 1963; Boucot and others, 1958).

Mg-biotite schists of the Francestown Formation, stratigraphically overlain by well bedded, clean,
actinolite-gamet-calcite calc-silicate gneisses, garnet granulites and interbedded purplish biotite granulites of
the Warner Formation. The lower part of the Warner is generally richer in calc-silicate rocks and the upper
part in biotite granulites. Numerous metamorphosed gabbro sills intrude the strata and are presumed to be
related to the Mt. Hermon Hornblende Gabbro and the associated dikes and sills in the the BernardstonNorthfield area.
The distinctive Perry Mountain iron formation rocks are particularly important to both local mapping
and regional interpretations (Elbert, 1986; Thompson and others, 1987 and in preparation). The magnetitegarnet iron formation and coticule have been correlated with strata which had previously been assigned to
the Littleton Formation in the Mt. Grace quadrangle (Robinson, 1967; Huntington, 1975), just above the
root zone of the Bernardston nappe (Thompson and others, 1987; Robinson, 1988; Robinson and others,
trip C-4 of this volume). This correlation of such a thin lithogenetic unit may seem somewhat long range.
When the Mesozoic listric motion on the Connecticut Valley border fault is restored, however, the two
locations are only a few kilometers apart and at a comparable structural level.
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Area of
Figure 8 [Stop 7]
Brennan Hill Thrust

ASHUELOT

PLUTON

Chesham Pond Thrust

Eastern

(Monadnock) Sequence \

a

a

Littleton Formation

Warner Formation

Perry Mountain

Littleton Formation

Clough Quartzite

Partridge Formation

Ammonoosuc Volcanics

Gneiss in Cores of Domes

ire 6. Generalized geologic map of the Hinsdale-Chesterfield area showing the Hinsdale
Monadnock sequence stratigraphy in the hanging wall of the Brennan Hill thrust (from
Dashed line with teeth in Ashuelot pluton is shear zone mapped by Armstrong (1986).
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Figure 8. Hill 345 Southeast of
Sargent Hill

Figure 7. Western Summit of Biscuit
Hill

500 ft

Eastern

Western Sequence

(Monadnock) Sequence
Pegmatite

Lower
Devonian

Littleton
Formation

Lower
Devonian

Littleton Formation

Silurian?

Metamorphosed Gabbro
• •- *« •
•
•
• •

Warner Formation
Francestown Formation

Silurian

Middle
Ordovician

Clough
Quartzite

Silurian

Perry Mountain Formation
massive gray schist
magnetite-garnet iron formation
interbedded quartzite and
gray schist
Rangeley Formation

Partridge
Formation

Figure 7. Detailed geologic map of a portion of Biscuit Hill. East-dipping, inverted, multiply folded
Monadnock sequence faces down (west) toward Brennan Hill thrust. Map-scale folds formed during the
backfold and dome stages (from Elbert, 1986).

Figure 8. Geologic map of region southeast of Sargent Hill. Imbricated right-side-up Silurian part of
Monadnock sequence, previously mapped as Clough and Fitch by Trask (1964) and Hepburn and others
(1984), lies in thrust contact with Partridge Formation in the core of the Bernardston nappe (Elbert, 1986).
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Four phases of Acadian deformation have been found in the rocks in the Hinsdale-Chesterfield area.
Westward-overturned, isoclinal folding first produced the overall inversion of the sequence at Biscuit Hill,
where rocks are on the upper limb of the Hinsdale syncline (figure 6). Isoclinal folding in the westernsequence rocks, producing the Bernardston nappe, is postulated to also have occured at this time. This
folding was followed by thrust faulting, which juxtaposed upside-down eastem-sequence rocks against the
western-sequence strata. Two later phases of deformation have been documented in outcrop-scale folds, rock
fabrics, and map pattern, and correspond to the backfold and dome stages of regional deformation.
One of the interesting aspects of the structural history of the region is the lack of a recognizable fabric
associated with the thrust faults. In fact thrust faulting in the area is only recognized on the basis of
stratigraphic interpretation and mapping. The identification of the west-facing package of rocks believed to
have been originally deposited east of their present position in contact with the Middle Ordovician Partridge
Formation, in the core of the Bernardston nappe, is taken as the evidence for west-directed thrusting. The
stratigraphic character of the rocks on either side of the thrust, the regional tectonic level, and the westerly
transport direction of the thrust coupled with the assumption that thrusts propogate tectonically upwards
suggest that this thrust correlates with the Brennan Hill thrust defined by Peter Thompson in the
Monadnock quadrangle (Thompson, 1984,1985).
Mapping northward into Chesterfield has yielded reinterpretation of the portion of the Bronson Hill
anticlinorium covered by the recently published Bedrock Geology of the Brattleboro Quadrangle, VermontNew Hampshire (Hepburn and others, 1984; see also their field-trip guide in this volume). In this part of
the area an extensive upright sequence of rocks has been delineated, which, with the inverted section mapped
northwards from Biscuit Hill, indicates the presence of a major pre-thrust recumbent syncline (figures 6 and
9) I have termed the Hinsdale syncline (Elbert, 1986). Also in this part of the area, the Brennan Hill thrust
has cut down to within 30 meters of the Clough Quartzite which is on the overturned limb of the
Bernardston nappe and thus probably cut the anticlinal axial surface of the nappe itself. Several imbricate
splays of the thrust, some involving Partridge Formation rocks as well as the Silurian rocks, have been
identified (figure 8). One of these imbrications was traced for over three-quarters of a mile and will be
visited on the last stop of this field trip. Detailed mapping of these splays is not routinely possible due to
incomplete exposure and the preponderance of pegmatite and gabbro dikes and sills. These intrusions
obscure contacts of stratified rocks and cut out an indeterminable amount of the stratigraphy in a region
where entire thrust imbrications can be demonstrated to be no more than ten meters thick and contain
stratigraphic units less than a meter thick.

M E T A M O R P H IS M
The complex tectonic development of the Bronson Hill anticlinorium and Merrimack Synclinorium in
central Massachusetts and southern New Hampshire has resulted in an equally rich metamorphic history.
Figure 10 is a map of composite metamorphic zones in the region compiled from Robinson (1986),
Robinson and others (1978), Tracy (1978), Tracy and others (1976), Robinson and others (1982), and my
own mapping.
The region of figure 10 contains several ages of metamorphism. Relics of a high-pressure, sillimaniteorthoclase grade metamorphism that predates the deposition of Silurian-Devonian strata in the region and
was substantially reworked by later events have been studied by Roll (1987) in the Pelham dome. The
present pattern of metamorphic zones (figure 10) crosses stratigraphic boundaries and includes the SilurianDevonian rocks of the region. This metamorphism has been considered to be largely Acadian in age
(Robinson, 1986; Zen and others, 1983), however, a recent Rb-Sr mineral isochron from the middleOrdovician cover rocks of the Keene dome reveals a final isotopic equlibration during the Alleghenian
(Gromet, 1988 and personal communication, 1988) and suggests that there may be a more significant postAcadian metamorphic history than previously recognized.
In the Bernardston-Chesterfield area the metamorphism peaked at considerably lower grade than in the
central Massachusetts high-grade zone (figure 10). Rocks in the region of this field trip range from the
garnet zone, at the fossil locality (Stop 1), to the sillimanite-staurolite zone, at Biscuit Hill (Stop 6).
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These rocks represent structural levels ~5 km higher than rocks now exposed just to the east, across the
Connecticut Valley border fault. Within the Bemardston-Chesterfield area the transition from lower- to
higher-grade rocks at successively higher structural levels (compare figure 10, this chapter, and figure 2 of
Robinson and others, this volume) is a classic example of an inverted metamorphic gradient. Indeed the
metamorphic sequence along most of the western margin of the Bronson Hill was recognized as inverted by
Thompson and others (1968). Throughout the region isograds are not spatially related to the gneiss domes
of the region, as they are in the adjacent Connecticut Valley-Gaspe Synclinorium. Chamberlain and Lyons
(1983) found the isograds do not have a simple spatial correlation to syntectonic plutons (an exception is
the pattern of metamorphic zones around the Belchertown pluton in the southwestern part of figure 10).
Thompson and others (1968) suggested that the early, west-directed, regional fold nappes carried hotter rocks
over colder ones and established the isogradic inversion. The new structural and petrologic interpretations
and correlations in the Bemardston-Chesterfield region (Elbert, 1984, 1986, 1987; Thompson and others,
1987) suggest instead that early control on metamorphism came from emplacement of the hot, westdirected, thrust sheets that post-dated the fold nappes, with final isograd geometry controlled by isotherm
relaxation prior to regional backfolding and gneiss-dome formation.
Sillimanite pseudomorphs after andalusite (“andalumps”) are present in a wide region of the Merrimack
belt and a restricted region of the Bronson Hill belt (figure 10). In the Bernardston-Chesterfield area
“andalumps” are present above the Chesham Pond thrust in the pelitic rocks structurally above the Ashuelot
pluton (compare figure 10 and figure 6). These pseudomorphs suggest the rocks in the highest tectonic
level in the field area followed a grossly counter-clockwise path through P-T space similar to that described
by Spear and others (1983) in rocks believed to be from the same tectonic level in the Bellows Falls area of
New Hampshire and Vermont.
In the Hinsdale area, New Hampshire, it has long been known that the sillimanite isograd is roughly
concentric to the Ashuelot pluton of Kinsman Granite (Moore, 1949; Trask, 1964; Thompson and others,
1968). In an earlier tectonic model (Thompson and others, 1968) this was thought to be due to nappe-stage
recumbent folding of the Kinsman, possibly still in a partially liquid state, to a position tectonicallly above
the Bernardston nappe and the parautochthonous Vernon dome. In the recent model (Elbert, 1986;
Thompson, 1985; Robinson, 1987; Thompson and others, 1987) the Kinsman of the Ashuelot pluton is
considered to have been emplaced largely in a solid state by the Chesham Pond thrust, tectonically above
the Brennan Hill thrust sheet.
The sillimanite-in isograd in the field-trip region roughly corresponds to the beginning of the zone of
staurolite breakdown. Within the staurolite-breakdown zone abundant pseudomorphs of staurolite are present.
These pseudomorphs are largely made up of muscovite, garnet, quartz, sillimanite, plagioclase, graphite,
ilmenite, and biotite with various amounts of relict staurolite in the their cores. The pseudomorphs are
flattened and sheared into the dominant foliation in the rocks and formed during the prograde breakdown of
staurolite. These prograde pseudomorphs are found in the Partridge, Rangeley, and Littleton Formations and
are similar to some of the pseudomorphs studied by Guidotti (1968) and Foster (1983) from the Rangeley
Formation in Maine. These pseudomorphs are different from the retrograde chlorite-bearing pseudomorphs
after staurolite that are abundant near the north end of the Vernon dome and present at stop 6 of the last
NEIGC trip to Bernardston-Chesterfield area led by Trask and Thompson (1967).
■

My own detailed petrologic work has concentrated on the region of the sillimanite-in isograd and the
staurolite-breakdown zone. Within this region parts of the reaction histories of the rocks are recorded in
zoned garnets which, in a few rare instances, contain important inclusions of plagioclase and chlorite. I
have obtained mineral analyses and detailed garnet zoning data from over thirty thin sections and more than
a hundred garnets. The data include WDS spot analyses, zoning traverses, and backscattered-electron images
all done on the JEOL 733 microprobe at Rensselaer Polytechnic Institute, Troy, NY.
Chemical zoning in garnet has been described by innumerable workers throughout New England and the
world and has long been recognized as a potentially powerful key to metamorphic histories (Tracy,
Robinson, and Thompson, 1976; Thompson, Tracy, Lyttle, and Thompson, 1977; Spear and Selverstone,
1983; Spear and others, 1983; Tracy, 1982; Karabinos, 1984; Chamberlain, 1986). Garnet zoning in the
high-grade rocks of central Massachusetts has been divided into three distinct types (Tracy and others, 1976;
Robinson and others, 1982). These include: garnets that have grown during prograde metamorphism by
the continuous addition of new material to their rims while the diffusion rate within the garnet was too
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slow to permit continuous equilibration of the interior and the exterior of the garnet; garnets that were
homogenized by diffusion when they reached sufficiently high grade and now only record zoning at their
rims and only related to retrograde reactions; and garnets that have homogenized by diffusion and have been
later modified by localized, retrograde ion-exchange reactions where the garnet is in contact with another FeMg-bearing phase. This last type of garnet presumably escaped pervasive ion-exchange re-equilibration due
to the absence of a fluid to serve as a diffusional pathway beyond the region of actual contact with the other
Fe-Mg phase. The zoned garnets from the Bernardston-Chesterfield area are distinct from those recognized
by Robinson and others (1982) elsewhere in the region.
Zoned garnets from the lower sillimanite zone in the Bernardston-Chesterfield area can be sorted out by
textural and chemical criteria which exactly correlate to and have been determined by tectonic level (Elbert,
1987). At Biscuit Hill (Stop 6) pelitic rocks above and below the Brennan Hill thrust contain virtually
identical assemblages and staurolite pseudomorphs. Garnet zoning in these rocks, however, is distinct
across this tectonic boundary .

Garnet below the Brennan Hill thrust, in the Partridge Formation, are subhedral to euhedral and only
contain tiny (< 1 jam across) inclusions in a crystallographically controlled, radial pattern within their core
regions. These garnets contain three different chemical zones. The zoning is concentric and readily viewed
in microprobe traverses (figure 11 A). The cores of these garnets are unzoned and euhedral. These cores
correspond to the region containing the fine, radial inclusions. Surrounding the unzoned cores is a broad
(300-400 pm in many of these garnets) region dominated by decreasing spessartine and grossular, increasing
almandine and pyrope, and constant Fe/(Fe+Mg) (=0.90) from core towards rim. This broad intermediate
region is surrounded by a thin (typically 40-50 |im) rim marked by large increases in almandine, grossular,
and Fe/(Fe+Mg), with large decreases in spessartine and pyrope.
Garnet porphyroblasts from the Rangeley Formation schists above the Brennan Hill thrust are distinct
from those below the thrust. These hanging-wall garnets also contain unzoned euhedral cores (figure 11B).
These cores are surrounded by an intermediate zone rich in large (up to 0.1 mm across) inclusions of quartz,
ilmenite, and, in a few instances, plagioclase. The inclusions are the remains of a tectonic fabric that
predates the backfold- and dome-stage fabrics present in the matrix of the rock. This included fabric may be
related to the pre-thrust folding. The intermediate zone in these hanging-wall garnets contains similar
overall zoning trends to those in the footwall garnets. In detail, however, the intermediate regions in the
hanging-wall garnets are different. Their overall zoning trends are punctuated by several peaks high in
spessartine, and others high in grossular. Backscattered-electron images reveal that some zones only
partially surround a given garnet and are truncated by a later and locally “deeper” resorption zone forming
complex compositional “unconformities.” Chemical trends in the thin rims of the garnets above the
Brennan Hill thrust are identical to those below the thrust.
The unzoned cores in both these garnet types may represent garnet growth during effective
thermodynamic invariance. While this interpretation is straight forward, it seems problematic in light of
even optimistic estimates of the rocks’ assemblage history. A hypothesis I prefer is that these garnets were
quenched early in the process of diffusional homogenization. Several authors have noted the transition from
zoned to unzoned garnets in the lower to middle sillimanite zone zone and have attributed this transition to
the onset of rapid diffusion over a narrow temperature interval. The exponential relationship of simple
diffusion-rate laws has allowed petrologists to consider this transition to be instantaneous to a first
approximation (e.g. Yardley, 1977; Anderson and Olimpio, 1977). In these rocks, however, diffusion may
have been selectively enhanced in the core region by the oriented grain boundaries of the tiny radial
inclusions. In fact, factors such as initial zoning profile, heating rate, fluid composition, inclusion size and
distribution, and garnet size and spacing may all affect the diffusional process. These factors combined with
the possibility of “tectonic quenching” during either the backfold- or dome-stage deformations add to the
attractiveness of nascent diffusional homogenization as the source of the unzoned cores.
Zoning in the broad intermediate regions in the footwall garnets has been interpreted (Elbert, 1987) as
recording garnet growth, during staurolite breakdown, along the continuous Fe-Mg-Mn-Ca-K-Na reaction:
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Figure 12. Projection from sillimanite, muscovite, quartz, and fluid onto the plane
MnO-FeO-MgO with the MnO vertex removed to infinity and scaled
logarithmically to supress the plotting position of high-Mn phases (in this case
garnet) while expanding the scale in the region of low-Mn phases. The continuous
staurolite-breakdown reaction of Elbert (1987), in the MnKFMASH system, in
represented be the three-phase triangle involving staurolite, garnet, and biotite.

Fe,Mg,Mn-Staur + Qtz + Na,K-Musc + Plag -> Sill + Fe,Mg,Mn-Bio +
Fe,Mg,Mn,Ca-Gar + K-richer-Musc + Ab-richer-Plag + 1 ^ 0
This reaction is graphically depicted in figure 12. Forward modelling of garnet growth and the discovery of
chlorite inclusions in some garnets suggests that reactions involving chlorite may also be important.
The thin rims on garnets above and below the Brennan Hill thrust are consistent with garnet growth,
during cooling, of the assemblage garnet - biotite - sillimanite - muscovite - quartz - fluid once the system
is effectively depleted in staurolite and manganese component.
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Although the broad intermediate zones in the hanging-wall garnets probably grew along the same
equilibrium as those in the footwall garnets, the discontinuous zones rich in spessartine record periods of
partial garnet resorption not found below the thrust. These successive periods of garnet growth and
resorption make modelling of related reaction histories particularly tricky. However, reasonable
interpretations of reaction histories utilizing the Gibbs’ method approach (Spear and others, 1982; Spear and
Selverstone, 1983) supports the suspicion that the high-grossular zones correspond to garnet growth under
temporarily increased pressure.
Partial pressure-temperature histories in these rocks have been calculated. Although garnets above and
below the Brennan Hill thrust record broadly similar reaction histories, lack of detailed correlation of zoning
in the intermediate regions of these garnets suggests that the P-T paths of the hanging-wall and footwall
rocks were different for all but the last 50-100 pm of garnet growth.
An interesting aspect of the hypothesized diffusional homogenization of the garnet cores is the affect of
chemical exchange with the matrix. Exchange between the core of a zoned mineral and its matrix results in
metasomatism of the reactive composition of the rock. This effectively increases the variance of the
assemblage and has the potential to drive and control subsequent reactions. Of course it is difficult to
determine whether these garnets were beginning to homogenize during the later stages of or after their
growth. The presence of zoning at their rims suggests that final growth was either before the onset of
significant diffusion in these garnets or after they had cooled back down to low-diffusivity temperatures.

SUM M ARY
Monadnock-western Maine Silurian rocks have been recognized in the Bernardston-Chesterfield area.
This eastern stratigraphic sequence has been isoclinally folded and then thrusted westward onto Bronson
Hill-sequence rocks which make up the Bernardston fold nappe. The rocks were then folded again during the
regional backfold stage of deformation. The final Acadian phase of folding locally involved the formation
of the Vernon gneiss dome, many map- and outcrop-scale folds, and a pervasive southeast plunging
lineation. Mesozoic faults and joints comprise the most recent structures in the region.
The sillimanite-in isograd is broadly parallel to the trace of the Chesham Pond thrust. This suggests a
genetic link between thrusting and metamorphism. In detail, however, the isograd cross-cuts all lower
tectonic levels indicating that final isograd geometry post-dates thrust faulting. Sillimanite in staurolite
pseudomorphs is deformed by small-scale backfold- and dome-stage structures and isograds have been folded
during the dome stage. Chemically zoned garnets above and below the Brennan Hill thrust record different
pressure-temperature histories in their intermediate regions. Core-region records have been obliterated by
diffusion. Thin growth rims on garnets are identical across the fault. These relationships suggest that
while the P-T paths of the rocks straddling the Brennan Hill thrust converged before isograd development,
the convergence was fairly late in the garnet-growth history while relatively early in the the rich tectonic
history.

ACKNOWLEDGMENTS
I am grateful to many friends associated with the University of Massachusetts over the past several
years. I wish to thank Peter Robinson for his time, interest, and help with all aspects of this project. Peter
Thompson, Kurt Hollocher, Spike Berry, and John Schumacher have been important resources on regional
geology, geochemistry, and petrology. I am particularly indebted to Spike for his timely and helpful review
of the manuscript. Tom Armstrong was an especially important part of this work acting far beyond his
appointed position of field assistant. Tom ’s enthusiasm to be more than the other end of the tape measure
during the detailed work on Biscuit Hill was critical. As always, Julie and Sarah Elbert have provided
important support and field assistance.
Microprobe work supporting the petrologic interpretations was done at RPI and I thank Frank Spear,
Bruce Watson, and Dave Wark for making that facility available. I especially thank Karleen Davis, now of

89

Link Analytical, for making the RPI probe so accessible and the hours spent there so inviting, and
informative. Anita Harris and Kirk Denkler added valuable comments in the field during a visit to the fossil
locality. I am obliged to Wally Bothner for being a patient and sane guidebook editor.
Financial support has been provided by an Amoco Foundation Basic Education Grant and several
National Science Foundation grants (most recently EAR-86-08762, Peter Robinson, P.I.).
Finally I would like to dedicate this chapter to Leo Hall. His caring and patience in the field made him
an inspirational teacher. His guidance is reassuring every time I bend down to take a closer look.

IT IN E R A R Y
Starting Point is Streeter’s Barber Shop, on Route 10 immediately west of the intersection with Interstate
91 (exit 28) in Bernardston, Massachusetts. All the stops on this trip are on private property. Please
respect both the outcrops and the rights of the landowners. Those following this guide in the future are
responsible for securing permission before entering private property.

Mileage

Description

0.0

Proceed west on Route 10 to the intersection with Route 5.

0.1

Bernardston Auto Exchange-Streeter’s General Store on left.

0.5

Stop sign, junction Route 5. Turn right and proceed north on Route 5.

0.6

Fox Hill Road on left, continue north on Route 5.

0.9

Outcrop on left of conglomeratic Upper Triassic Sugarloaf Formation at the
northern extreme of the Deerfield basin. Continue northward on Route 5.

1.1

Pull off road onto wide grassy shoulder on right (east) side of road and park.
Cross road (CAREFUL...Route 5 is heavily travelled at times). Walk up
short dirt track, through gate into pasture. CLOSE GATE BEHIND YOU!!

i

(Figures 3, 4, and 5; approximately 1 - hours)
Outcrops in the lowest part of the pasture are part of the lower member of the Clough Quartzite. The
rocks are gray weathering schists containing quartz-muscovite-chlorite-biotite-garnet-graphite-leucoxene.
Typical of the lower- to middle-garnet zone in the region these rocks are fine grained and virtually slates.
Bedding is difficult to discern in this unit. The prominent schistosity is folded by a local map-scale domestage fold (figure 2).
metamorphosed conglomerates of the middle member
of the Clough Quartzite. H<
somewhat schistose matrix.
Continue to traverse towards the woods at the northwest comer of the lower
pasture. Cross the barbed-wire fence carefully and continue northwards
along the logging road. Abundant outcrops, especially on the west side of
the logging road, are clean, quartz-pebble conglomerates with quartzite
matrix. The conspicuous pebbles are uniformly vein quartz. This lithology
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is typical of the Clough Quartzite as mapped by most workers and is
representative of the middle member of the Clough Quartzite throughout the
Bernardston-Chesterfield area.
Proceed northward along the logging road to where the road takes a nearly right-angle bend to the west.
Marbles of the Fitch Formation are exposed in several small pits dug during mining of a small magnetite
bed in the eighteenth and nineteenth centuries (figure 4). Most of these pits are under the hemlocks to the
north of the road. Due to the limited amount of conodont-bearing material and the unfortunately rapid
disappearance of these important outcrops please DO N O T H A M M ER O U TCRO PS at this locale.
There is abundant loose material for collection. The Fitch here is chiefly white to light-gray calcite marble
containing scattered crinoid ossicles and minor (typically 1-3 percent modally) quartz, epidote, and pyrite.
The prominent bed of magnetite-chlorite-quartz-gamet granulite is present in several pits as much as 0.8 m
thick. The fossiliferous section of the stratigraphically highest Clough is interpreted to be a
metamorphosed marine deposit which contained stenohaline, marine invertebrates (Boucot and others,
1958). Although this stratigraphically highest part of the Clough has been completely removed from the
outcrops, its position was clearly documented by geologists in the ninteenth century. The map pattern of
the Fitch, both locally and regionally, suggests that the Fitch unconformably overlies the Clough. The
Fitch is unconformably(?) overlain by gray schist and quartzite of the Littleton Formation. One small,
ground outcrop of Littleton Formation is shown on the map in figure 4. The outcrop is unimpressive but
important as the best constraint on the stratigraphic top of the Fitch at this locale.
Within the marbles lensoid bedforms, relict crossbedding(?), abrupt variations in grain size, and a wide
range in the size of bioclasts indicate deposition in a near-shore, shallow-water, variable, but generally highenergy, marine environment. Megafossils include crinoid ossicles (as large as 3 cm in diameter), columnals
(as much as 5 cm long), and large recrystallized coralline fragments. Taken together, these data indicate that
the Fitch near Bernardston is chiefly a carbonate shoestring sand that formed as a channel filling, bar, or
beach. The overall transition from Clough to Fitch to Littleton represents a grossly deepening upward
sequence.
The southerly dip of the units at this location, coupled with the clear-cut stratigraphic distinctions and
paleontological age constraints, presents straightforward evidence that the rocks in the region have been
structurally inverted. This inverted belt of rocks continues for tens of kilometers along strike to the north
and makes up the inverted limb of the Bernardston nappe. The Bernardston nappe is the structurally lowest
of the nappe-stage Acadian folds at this latitude. Although outcrop-scale structural features unequivocally
associated with the nappe-stage are rare, a small, south plunging nappe-stage fold in bedding can be seen on
the north facing outcrop near the sample locality labeled 891-U1 in Figure 4.
Please re tra c e your p a th back to y o u r vehicles being careful to
leave all fences an d gates as you fo u n d them .
Continue northward on Route 5.
1.7

Turn right onto Burke Flat Road.

1.9

Bridge over Interstate-91.

2.0

Intersection with Bald Mountain Road, bear right.
%

2.5

Outcrops of Clough Quartzite on the overturned limb of the Bernardston
nappe behind the small red house on the left.

3.3

Junction Route 10, turn left (Route 10 north).

4.7

Historic marker - Lt. Ebenezer Sheldon’s Fort.

4.9

Turn left onto Martindale Road.
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5.5

Pass Shedd Road on right (road to Snow Hill staurolite locality), outcrops
on SE comer of intersection are metamorphosed rhyolites of the Upper
Member of the Ammonoosuc Volcanics. Continue straight on Martindale
Road.

6.0

Pavement ends, continue northward.

6.6

End of maintained road, park vehicles and walk northwards on undeveloped
extension of Martindale Road into the woods. At fork in road turn left to
outcrop in woods overlooking road.

(approximately 20 minutes)
This short stop is to see the distinctive feldspathic biotite granulites that occur at several localities
between the middle member of the Clough Quartzite and the Littleton Formation. The hope is to alert
other workers in the region to the possibility of finding volcanic rocks within the Silurian-Devonian
section. These rocks were originally mapped by Balk (1956) as a “metatuff ’ member of the Bernardston
Formation. I agree with Balk that the fine grain size, compositional layering, and mineralogy suggests
these are metamorphosed felsic volcanic rocks. Although I have informally mapped this unit as an upper
member of the Clough Quartzite, its stratigraphic position with relation to the Fitch Formation has not
been established. Two aspects to note at this stop are the exposed contact with the Littleton Formation on
the north and west sides of the small knob of outcrop and the unusual haloes of biotite-depleted matrix
surrounding garnets.
Return to vehicles. Turn vehicles around and return south on
Martindale Road.
7.2

Pavement begins.

8.3

T-intersection, turn left onto Route 10.

9.0

Turn right onto Deacon Parker Road.
%

9.1

Turn right into upper driveway of Valley Masonry and Construction Co.
Bear left and proceed to southern parking lot.

9.2

Park in southern parking lot. Outcrops on east side of lot.

(approximately 1 hour)
The abandoned quarry outcrop on the east side of this parking lot is the largest exposure of the Lower
Member of the Ammonoosuc Volcanics in the Bemardston-Northfield area. The rocks are fine-grained
greenstones and represent metamorphosed tholeiitic basalts. A few very thin (<1 cm) calcite layers may be
marble beds similar to those reported in the Lower Member of the Ammonoosuc by Schumacher (1985,
1988). These rocks have a much “lower-grade” texture than those east of the Connecticut Valley border
fault.
Walk around the southwest end of the outcrop and traverse eastward, up the
hill to Deacon Parker Road.
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Walk south along Deacon Parker Road approximately 55 meters. Cross the
road and enter the woods to the east. Proceed to moderately large outcrop
overlooking road.
This outcrop exposes part of the Upper Member of the Ammonoosuc Volcanics. The rocks are felsic
gneisses containing orthoclase, plagioclase, quartz, muscovite, and a little biotite. The rocks typically
weather to an orange-brown stain and are closely jointed in the region. These are interpreted as
metamorphosed rhyolitic volcanics. Beautiful volcanic textures are preserved in the Upper Member. The
southern part of this outcrop contains the nicest volcanic textures at this stop. The rocks resemble welded
tuffs or bomboclastic breccias. In some locations, the bombs contain relict blue-quartz phenocrysts.
The distinctive thin Middle Member of the Ammonoosuc Volcanics (containing coticule) is exposed in the
woods to the south of the quarry parking lot. The long walk and small outcrops preclude a visit to it on
this trip.
Return to vehicles. Turn vehicles around and return to road.
9.3

Turn left onto Deacon Parker Road.

9.4

Stop sign, go right onto Route 10 north.

9.7

Turn right, enter Northfield-Mt. Hermon School, Mount Hermon Campus.

9.8

Mount Hermon School gates, followed by outcrops of Mount Hermon
Hornblende Gabbro and Partridge Formation on left and right.

10.0

Mount Hermon Hornblende Gabbro outcrop on right.

10.2

Bear right.

10.4

Turn left towards Main Campus.

10.5

Pass tennis courts on left.

10.6

Turn right, pass Manchester Hall on right.

10.7

Athletic field and track on left, outcrops of Mount Hermon Hornblende
Gabbro in bleachers.

10.75

Pull off road to right, park across from Memorial Chapel.

(approximately 30 minutes)
The low outcrops in front of Memorial Chapel on Mount Hermon represent the type locality for the
Mount Hermon Hornblende Gabbro. The coarse relict gabbroic texture of these rocks is a stark contrast to
that of the foliated, fine-grained amphibolites in the Lower Member of the Ammonoosuc Volcanics and the
Partridge Formation in the field-trip region. The outcrops in front of the chapel are largely massive, but the
rock is well foliated near contacts with surrounding stratified units. Although Trask (1964) mapped these
coarse amphibolites as metamorphosed volcanics within the Partridge Formation, their texture, grain size,
and the one continuous mappable region comprising the Mount Hermon pluton in the southern part of the
area (figure 2), have led me to map them as a group of newly recognized metamorphosed plutonic rocks
(Elbert, 1984). Numerous coarse dikes and sills of nearly identical gabbroic rocks occur within the
Bernardston-Chesterfield area. I have mapped rocks I consider to be dikes of Mount Hermon Hornblende
Gabbro in all the stratified units in the area except the Fitch Formation and the Littleton Formation.
Although I have found these intrusives within a few feet of the Littleton Formation, I have been unable to
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trace them into it; neither have I been able to show the unconformity at the base of the Littleton Formation
cutting one of the gabbros. In spite of the latter, I believe the gabbro is a Silurian intrusive. Further, the
gabbros are all located near or within the Brennan Hill thrust sheet and have not been found either within
the overturned limb of the Bernardston nappe or in the tectonic levels above the Brennan Hill thrust sheet
(figure 2 of Robinson and others, this volume). They seem to be concentrated along the zone representing
the transition from the thin Silurian section deposited on the western margin of the Merrimack trough to
the thick Silurian section deposited to the east.
Preliminary major- and trace-element geochemical characterization of Mount Hermon Hornblende Gabbro
from the Mount Hermon pluton as well as from dikes throughout the country rock indicates the rocks have
the compositions of olivine-normative basalts.
The geochemistry, texture, and map distribution suggests that the Mount Hermon Hornblende Gabbro
was a mantle-derived melt which intruded the region of highest crustal extension and flexure related to the
transition region of the Silurian basin. Similar rocks occur elsewhere in the Bronson Hill anticlinoriumMerrimack Synclinorium (notably the Skitchewaug Mountain area) and their mapping may provide more
clues to the early tectonics of the region. These gabbroic rocks may also have been an important source of
heat in the basin and may have exerted a heretofore overlooked control on the metamorphic development of
the region.
Return to vehicles. Turn around and drive back past the athletic field.
10.9

Turn right at intersection

11.0

Pass Schauffler Memorial Library on left.

11.2

Intersection, turn left - leave main Mount Hermon campus, continue past
North Farmhouse on left.

11.4

Mt. Hermon Hornblende Gabbro outcrops on right in pasture.

11.6

Stop sign at T-intersection, turn left.

11.8

Northfield town line.

11.9

Stop sign at intersection with Route 10. Turn right.
(Note: Outcrops just a few hundred feet to the southwest, left, on Route 10
are rusty weathering pelitic schists and amphibolites of the Partridge
Formation. Those on the northern side of the road include a Mesozoic shear
zone.)

12.5

Bennett Meadow Bridge over Connecticut River, skyline view of Notch
Mountain, site of stratigraphic studies of the Ammonoosuc Volcanics
(Schumacher, 1981, 1983, 1988) in the mantle of the Warwick dome, in the
Mt. Grace quadrangle.

13.0

Cross small bridge, outcrop of Lower Jurassic, conglomerate member of the
Turners Falls Sandstone in the small, Northfield basin located down the
embankment on the northeast side of the bridge.

13.2

Flashing light and stop sign at junction of Route 63, turn left onto routes
10 and 63 north.

13.9

Flashing light in center of Northfield, IGA supermarket on left.
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14.5

Pass Mill Street on left, reputed home of Newell Trask during field mapping
in Bernardston-Chesterfield area in the early 1960’s. Continue north on
routes 10 and 63.

14.6

Pass low outcrop of Lower Jurassic, conglomerate member of the Turners
Falls Sandstone in elevated driveway on left.

15.1

Traffic light, Northfield-Mt. Hermon School, Northfield Campus on right

15.6

Leaving Pioneer Valley...
A

15.7

Turn left on Route 63 north toward Hinsdale, N.H.

16.3

Entering Winchester, N.H.
Begin Dartmouth College Road:
a
Over this Route Eleazer Wheelock passed to found
tt
Dartmouth College, 1770.

17.2

Pass “Bee Supplies” on left.

17.6

Under RR bridge, clearance 13'11".

18.6

Under RR bridge, clearance 12'.

18.7

Outcrop on right of rusty-weathering Partridge Formation.

18.8

Pull off road on left side onto wide gravel shoulder. Park and carefully cross
Route 63. Walk back (southward) along the railroad bed to the large
outcrop.

(approximately 30 minutes)
The Partridge Formation in the core of the Bernardston nappe includes rusty-weathering pelitic schists,
amphibolites, and felsic gneisses. The amphibolites represent metamorphosed basaltic volcanics while the
felsic gneisses are metamorphosed dacites (Hollocher, 1985). In light of the newly recognized presence of
intrusive mafic rocks in the region (specifically the Mt. Hermon Hornblende Gabbro), the presence of felsic
rocks within the Partridge Formation can be especially helpful in distinguishing the Partridge Formation
from the rusty-weathering parts of the Silurian Rangeley Formation which do not contain metamorphosed
volcanics. In addition to staurolite-gamet-biotite schists, this outcrop contains a meter-thick felsic-volcanic
bed.
Return to vehicles and continue north on Route 63.
19.1

Local color to your left, hold on to your license plates...

19.8

Pass outcrops of Pauchaug Gneiss in core of Vernon dome on right

20.4

Turn right onto Tower Hill Road (the turn is somewhat obscured when
approached from the south).

20.6

Former site of railroad bridge.

20.8

Pass Depot Street on left, outcrops behind house northwest of intersection
are parautochthonous Ammonoosuc Volcanics on the Vernon dome, small
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outcrop at northeast comer of intersection is Clough Quartzite on the dome.
Continue up Tower Hill Road.
'

20.9

Pass Old Northfield Road on right, continue up Tower Hill Road.

20.95

Cross trace of Clough Quartzite on overturned limb of Bernardston nappe,
continue up Tower Hill Road.

21.05

Outcrops of Partridge Formation in the core of the Bernardston nappe in
brook to left of road.

21.6

Turn vehicles around in dirt road on left, drive back down Tower Hill Road

21.7

Pull off road on right and park.
Walk northwestward (follow flagging) to the western summit of Biscuit
Hill.

STOP 6.

Biscuit Hill (approximately 2 hours)

Biscuit Hill presents an exceptional opportunity to see the Monadnock-western Maine sequence
stratigraphy. A significant portion of my 1985 field season was spent mapping this hillside and the
surrounding region at 1:1000 on a 100-foot grid base map prepared by tape and Brunton survey. This trip’s
traverse has been designed to proceed from the top to the bottom of the hill, thereby working structurally
d o w n w a r d s and stra tig ra p h ica lly upw ards. Please be careful, the hillside is deceptively
steep and there is a lot of loose rock to slip on or to knock onto other participants.
Please hammer with forethought. Important folds, graded beds, and rare rock types are
sometimes hard to see and should not be destroyed. If you are not absolutely sure
you’re sampling benignly ... ask for help! There is quite a bit of collectable material already
loose.
A description of the important stratigraphic, structural, and petrologic aspects of this stop is given in the
body of this chapter. The following is meant to be a specific reminder of what to look for on the hill.
Most of the details of the Biscuit Hill stratigraphic sequence can be seen on this hillside traverse. They
include the following: Interbedded gray-weathering schist with schist-matrix conglomerates and rare calcsilicate pods of the Rangeley Formation. A few thin interbedded quartzites mark the stratigraphic top of the
Rangeley Formation and the gradation into the cyclically interbedded quartzites and gray schists of the Perry
Mountain Formation. Although the contact between the Rangeley and Perry Mountain formations is
gradational, exposure is sufficient in this region to map it consistently using the criteria that all
conglomerate, calc-silicate pods, and epidote-bearing quartzites are mapped within the Rangeley Formation,
while the base of the Perry Mountain Formation is marked by the first, continuous quartzite bed
stratigraphically above schists and quartzites containing these distinctive Rangeley lithologies. Graded beds
near the Perry Mountain-Rangeley contact confirm the topping direction. The Perry Mountain contains
biotite-rich, massive gray schist with beds and boudins of fine-grained coticule (garnet granulite) and
magnetite-grunerite-gamet-apatite-quartz-graphite iron formation. Stratigraphically higher rocks at Biscuit
Hill are well bedded, rusty-weathering, sulfidic, graphitic calc-silicate granulites and interbedded sulfidic Mgbiotite schists of the Francestown Formation. These are stratigraphically overlain by well bedded, clean
actinolite-gamet-calcite calc-silicate gneisses, garnet granulites and interbedded purplish biotite granulites of
the Warner Formation. A pair of large sills of metamorphosed gabbroic rock occur on the side of the hill.
Although these are substantially altered and largely composed of biotite rather than hornblende (one also
contains coarse garnet porphyroblasts), I have mapped them as sills of Mount Hermon Hornblende Gabbro,
the only gabbroic intrusive known in the vicinity.
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Backfold- and dome-stage deformations are recorded in outcrop-scale folds, rock fabrics, and map pattern.
These two phases have virtually parallel axial surfaces as well as fold axes that plunge moderately towards
the southeast, parallel to the mineral and pebble lineations, and are difficult to separate. However, some
minor folds can be shown to have axial planes parallel to the prominent foliation, and are backfold stage,
while others fold that same foliation, and are dome stage. Structural analysis is impeded by the presence of
abundant magnetite-bearing iron formation in both outcrop and float. These two phases were preceded by
early isoclinal folding and then thrusting which first produced the overall inversion of the Biscuit Hill
sequence of rocks and then juxtaposition of the uppermost Silurian Warner Formation directly against the
Middle-Ordovician Partridge Formation in the core of the Bernardston nappe just south of the base of the
hill. Field trip participants may want to argue about what I feel to be the remnants of a fabric which may
have been associated with the early isoclinal folding and can be seen in the beautifully graded beds in the
Perry Mountain Formation.
Walk out (south) along logging road at base of Biscuit Hill, then -0.25
miles uo (east) Tower Hill Road. Follow flagging southward a few hundred
feet into the woods to the exposure of the Brennan Hill thrust.
The Brennan Hill thrust itself is not exposed on Biscuit hill. It is exposed here, a short distance to the
south placing Upper Silurian Warner Formation against Middle Ordovician Partridge Formation. One of
the most interesting features of this fault is that it must be identified by stratigraphic mapping. The fault
predates significant metamorphic recrystallization and a preserved fabric has not been identified.
Return to Tower Hill Road and walk up (east) to vehicles.
Continue driving down Tower Hill Road.
22.0

Pass logging-road exit from Biscuit Hill.

22.3

Turn right onto Depot Street.

22.4

Outcrop of Ammonoosuc Volcanics on left.

22.6

Drive under power line which passes over Cannon Hill.

22.7

Across defunct railroad crossing, continue down Depot Street.

22.8

Cross bridge over Ashuelot River.

23.0

Junction routes 119 and 63, cross Route 119 and follow Route 63 north
towards Chesterfield.

23.1-23.8

Outcrops on left and right of Ammonoosuc Volcanics on Vernon dome.

26.9

Pass logging-road entrance to Pisgah State Park on right.

27.0

Large roadcut of Partridge Formation on right.
%

27.1

Trace of Brennan Hill thrust location on road.

27.2

Outcrop of Rangeley Formation in Brennan Hill thrust sheet on right.

27.8

Chesterfield Town Line.

28.7

Pass Crowningshield Road on left, continue north on Route 63.

28.9

Pass North Hinsdale Road on left, continue north on Route 63.
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29.3

Turn left onto dirt road, intersection at 229 meters elevation on Winchester,
N.H. topographic quadrangle map.

29.8

Stop sign, turn left onto Castle Road.

30.2

Join Gulf Road (unmarked), continue straight.

30.5

Bear right at fork to stay on Gulf Road.

31.3

Pull off on right to park. It is difficult to park more than one vehicle here,
but at the time of this writing construction had just begun on several houses
along this road and there may be access roads by the time of the field trip.
Walk into woods to the north and follow flagging to outcrops along southsoutheast end of hill 345 (meters) which is southeast of Sargent Hill
(Newfane, VT-NH, 7 jx 15 minute quadrangle), and in the northeastemmost
comer of the Brattleboro, VT-NH 7 j x 15 minute quadrangle.

This final stop is a traverse from the core of the Bernardston nappe structurally upwards across the
Brennan Hill thrust into a right-side-up sequence of eastern stratigraphy within the Brennan Hill thrust sheet
(figure 8). The traverse starts with an outcrop of metamorphosed gabbro, mapped as Mt. Hermon
Hornblende Gabbro. This gabbro strongly resembles the type outcrops seen at Stop 4, and highlights the
regional extent and importance of these intrusives. The first stratified rocks on this traverse are rusty
schists of the Partridge Formation. This belt of schist contains metamorphosed felsic volcanics along
strike to the north and south, and does not contain any of the rock types (calc-silicate pods, quartzites, or
conglomerates) indicative of the Rangeley Formation.
Traversing eastwards along the hillside the first contact is with gray- and rusty-weathering staurolite
schists with interbedded conglomerates and quartzites of the Rangeley Formation. This contact is the
Brennan Hill thrust. The path of the traverse drops to an elevation of approximately 240 m and continues 9
meters across strike to the contacts with the Perry Mountain and Francestown formations. Approximately
7.5 meters of Francestown Formation is then overlain by 12 meters of Warner Formation. The traverse
continues across a three-meter covered interval to outcrops exposed at 236 m elevation. The section in the
Brennan Hill thrust sheet is then repeated by a small imbricate splay. Here the rocks are staurolite schists
with interbedded quartzites and conglomerates, of the Rangeley Formation, overlain by magnetite-apatite iron
formation marking the Perry Mountain Formation, Francestown and Warner formations.
•This stop shows both a small imbricate of the Brennan Hill thrust and a region where the thrust has
emplaced right-side-up Monadnock sequence against the core of the Bernardston nappe. Several of these
small splays, some involving Partridge Formation, have been identified in the Bernardston-Chesterfield area.
Although this particular imbricate was followed for over three-quarters of a mile, detailed mapping of the
splays is not routinely possible due to poor exposure and the preponderance of pegmatite and metamorphosed
gabbro dikes and sills. These intrusions obscure contacts of stratified rocks and cut out an indeterminable
amount of the stratigraphy. This is critical in this region where entire thrust imbrications can be
demonstrated to be no more than thirty feet thick and contain stratigraphic units just a few feet thick.
The right-side-up belt of eastern sequence rocks at this stop are on the lower limb of an isoclinal syncline
called the Hinsdale syncline (Elbert, 1986). The inverted section at Biscuit Hill is on the eastern, upper
limb of the Hinsdale syncline. The axial surface of this early fold is truncated by the Brennan Hill thrust
(figure 6), clearly identifying the fold as pre-thrusting. As can be seen in the northern cross section of the
area (figure 9) the Hinsdale syncline is interpreted to be the same age as but structurally lower than the
Monadnock syncline (Thompson, 1985, and this volume).
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Return to vehicles and continue west on Gulf Road.
31.4

Hard left turn (140°).

31.9

Turn left onto Bradley Road (unmarked).

32.0

Road comes in from right, continue straight on Bradley Road.

32.7

Stop sign. Go right, rejoining Gulf Road headed northeast.

33.1

B ear righ t at fork.

33.4

Cross Orchard Road; keep going northeast.

33.7

Pass Noyes Robertson Coolidge Cemetery on left.

34.0

Stop sign, intersection with Stage Road, turn right.

34.1

Stop sign at T-intersection with Route 63, turn left (north) towards
Spofford.

34.7

Center of Chesterfield - birthplace of Harlan Fiske Stone (1872-1946),
Chief Justice of the United States Supreme Court, 1941-1946.
Continue north on Route 63.

35.8

Stop sign at T-intersection of Route 63 with Route 9. Turn right (east) and
follow Route 9 approximately 9.5 miles to Keene, NH.
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